Background-The impact of long-term exposure to nitrogen dioxide (NO 2 ) on cause-specific mortality is poorly understood.
Introduction
Numerous studies have evaluated the associations of short-term exposure to ambient nitrogen dioxide (NO 2 ) with risk of all-cause, cardiovascular and respiratory mortality. A recent systemic review of 204 time-series study reported a 1.3% [95% confidence interval (CI) 0.1%, 1.9%], 1.7% (95% CI: 0.9%, 2.5%), and 2.0% (95% CI: 1.4%, 2.7%) for allcause, cardiovascular, and respiratory mortality, respectively, per 10 parts per billion (ppb) increase in 24-hour NO 2 exposure (Mills et al., 2015) . Significant elevated risks in cardiovascular and respiratory hospitalizations have also been shown to be associated with a 10 ppb increment in 24-h NO 2 exposure (Mills et al., 2015) .
In contrast, few epidemiological studies have examined the association between long-term ambient NO 2 concentration and all-cause -and, especially, cause-specific -mortality (Faustini et al., 2014; Hoek et al., 2013) . In a meta-analysis of 9 to 18 studies depending on the cause of mortality, Faustini et al. (Faustini et al., 2014) estimated that long-term NO 2 exposure was associated with 1.04 (95% CI: 1.02, 1.06), 1.13 (95% CI: 1.09, 1.18) and 1.03 (95% CI: 1.02, 1.03) increases in all-cause, cardiovascular, and respiratory mortality, respectively, with substantial heterogeneity in study-specific RRs, especially for cardiovascular mortality. Moreover, only a limited number of studies have examined the impact of long-term NO 2 exposure on specific sub-causes of cardiovascular, respiratory, and cancer mortality [e.g., cerebrovascular disease, chronic obstructive pulmonary disease (COPD) or lung cancer]. The lack of such studies is not surprising, given the relative few number of deaths from these specific sub-causes (e.g., 4.9% of Medicare enrollees between 2000 and 2008) and corresponding insufficient statistical power to draw meaningful conclusions in studies with small-and medium-sized cohorts. To address these data gaps, we analyzed data from a cohort of 14.1 million United States (U.S.) Medicare beneficiaries to examine the association of NO 2 exposure with three leading causes of death (and their specific sub-causes): cardiovascular disease (CVD), respiratory disease, and cancer, and investigated potential confounding and modification of the NO 2 -mortality associations. We further assessed the potential for unmeasured confounding of our associations using the decomposition method described by Greven et al. (2011) and applied by Pun et al. (2017) in base and adjusted models. In brief, this method divides NO 2 exposures into its temporal and spatio-temporal components, assuming that each contribute equally to the effect of air pollution on the mortality. the conterminous U.S. between December 2000 through December 2008 from the Centers for Medicare and Medicaid Services Medicare Enrollment file. For each enrollee, the beneficiary-specific information on date of birth, age, gender, race/ethnicity, monthly survival, and ZIP code of residence was extracted. Using the International Classification of Disease (ICD-10) codes, we identified deaths from non-accidental and accidental causes of mortality, as well as three major causes including CVD, respiratory disease, and cancer, which account for over 72% of all-cause mortality (Table 1) . We also identified causespecific deaths from the three major causes [i.e., ischemic heart disease (IHD), cerebrovascular disease (CBV), congestive heart failure (CHF), COPD, pneumonia, and lung cancer] using codes from the National Death Index.
Exposure assessment
We obtained daily NO 2 data from the EPA Air Quality System (AQS) for the conterminous U.S. between December 2000 and December 2008. We selected 407 eligible AQS monitors that had daily NO 2 measurements for 3+ calendar years, with each year having at least 9 months with at least 27 days with valid 24-h averages during the study period. Of the included monitors, 110 monitors were located in the Western U.S., and 141 and 156 in the Central and Eastern U.S., respectively.
To control for potential confounding by PM 2.5 , we also obtained daily PM 2.5 estimates on a 6 × 6 km grid across the U.S. for each Medicare beneficiary from a set of well-validated spatio-temporal smoothing models (Yanosky et al., 2014) . The PM 2.5 estimates from grid points closest to the eligible NO 2 monitors were matched to corresponding monitors. In the primary analysis, our exposure measures were calculated as the 12-month moving average of NO 2 or PM 2.5 concentrations preceding the month of death.
Covariates
For each beneficiary, we defined the urbanicity of their ZIP codes of residence using data from the Rural Health Research Center (USDA, http://depts.washington.edu/uwruca/rucauses.php), and classified ZIP codes into urban, micropolitan (including areas with populations between 10,000 and 49,999), or rural as defined using Categorization B. We also obtained county-level behavioral covariates from the Selected Metropolitan/Micropolitan Area Risk Trends of the Behavioral Risk Factor Surveillance System (BRFSS), which first become available in 2002 (CDC-BRFSS). Because only 261 of the 407 NO 2 monitors were located in a county with BRFSS data, the analysis of confounding by behavioral risk factors was restricted to the subset of beneficiaries living near these 261 monitors.
Statistical analyses
For each month between December 2000 and December 2008, we matched 12-month moving averages of NO 2 concentration for a given AQS monitor to eligible Medicare beneficiaries who lived in ZIP codes with a geographic centroid within a 6 mile radius of an eligible NO 2 monitor. When a ZIP code centroid was located within 6 miles of ≥ 2 valid monitors, the closest monitor was chosen. The number of beneficiaries and deaths for each 5-year age interval, monitor and study month were calculated, with ages 90 years and over collapsed into 1 interval to avoid excessive zero counts of deaths in the older age groups.
In our main analyses, we constructed Poisson regression models stratified by age (in 5-year age intervals), gender and race, and employed a back-fitting algorithm to estimate the association of 12-month moving average NO 2 exposure on cause-specific mortality nationwide (Greven et al., 2011; Pun et al., 2017; Buja et al., 1989) . These models also controlled for state of residence to account for unmeasured covariates that may vary spatially. In supplemental models, we examined longer moving averages, ranging from 2 to 5 years. We also examined regional associations in three mutually exclusive and exhaustive geographical regions: 'East' of the Mississippi River, 'Center' between the Mississippi River and the Sierra Nevada mountain range, and 'West' of the Sierra Nevada mountain range (Greven et al., 2011) .
Given strong correlations between NO 2 and PM 2.5 , we assessed confounding of the association of NO 2 and mortality by PM 2.5 using a two-stage approach (Schwartz et al., 2015) . In the first stage, we linearly regressed 12-month moving average NO 2 on 12-month moving average PM 2.5 concentrations. We subsequently used the residual, which represents NO 2 exposure that is unexplained by PM 2.5 , in the second stage as the exposure measure in the Poisson regression models, with the resulting coefficient representing the NO 2associated mortality risk after adjusting for PM 2.5 . Further, we examined potential confounding by both PM 2.5 and behavioral factors, by additionally adjusting for behavioral covariates from BRFSS in a subset of the cohort. These covariates were selected a priori based on previous associations with either mortality or NO 2 ; they included monthly countylevel prevalence of current smokers, diabetics, heavy drinkers (i.e., > two drinks per day), asthma, average median income and body mass index. Note that the spatial distribution of the monitors with BRFSS data was similar to that for all monitors, although with fewer monitors in the West (19.9% versus 27.0% overall) and more in the East (41.8% vs. 38.3% overall) (Table S1 ).
We examined the extent to which our findings remained affected by unmeasured confounding by decomposing NO 2 exposures into two orthogonal components, namely the "temporal" NO 2 and "spatio-temporal" NO 2 , using a method described by Greven et al. (2011) . "Temporal" NO 2 was calculated by subtracting the mean concentration of all monitors over the study period from the national average concentration for a given month, while the "spatio-temporal" NO 2 for a given month and site was calculated by subtracting temporal NO 2 and the average concentration at each site from the monthly NO 2 concentration at that site. In our base and PM 2.5 -and BRFSS-adjusted models, we included "temporal" NO 2 and "spatio-temporal" NO 2 as the exposure measures and compared their effect estimates for each examined cause of death. As in Greven et al. (2011) , we assumed that unmeasured confounding may exist if the effect estimates for "temporal" NO 2 and "spatio-temporal" NO 2 with mortality are unequal.
Effect estimates for NO 2 are expressed as the risk ratios of death in a given month per 10 ppb increase in 12-month moving average of NO 2 . All statistical analyses were conducted using SAS Software version 9.4. Eum et al.
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Results
Our study population included 14.1 million Medicare enrollees aged 65-120 residing in 556 ZIP codes, close to 407 monitors across the U.S., and accounted for 26% of all Medicare enrollees. The median number of enrollees per ZIP code in any given month was 25,685 (Table 1 ). There were 3.5 million deaths reported during the study period: 98% from nonaccidental and 2% from accidental causes. CVD accounted for 41% of all non-accidental mortality, followed by cancer (22%) and respiratory (11%) mortality. IHD accounted for over half of all CVD-related deaths, with a median of 961 deaths per month and monitor, followed by mortality from CBV and CHF. Half of respiratory deaths were from COPD, and 30% from pneumonia. Lung cancer comprised 27% of all cancer deaths. Approximately 89%, 4%, and 2% of our cohort lived in urban, micropolitan, and rural areas respectively (5% had missing data). The annual median NO 2 and PM 2.5 concentrations for the conterminous U.S. over the study period were 14.2 ppb and 10.8 μg/m 3 , respectively.
In base Poisson regression models stratified by age, gender and race, and adjusted for state, a 10 ppb increase in 12-month moving average of NO 2 was associated with increased mortality risk from all causes (RR: 1.052; 95% CI: 1.051, 1.054), and non-accidental causes (1.055; 95% CI: 1.053, 1.057), but decreased mortality from accidental causes nationwide ( Similar association was found when longer moving averages were examined (Table S2) using the subset of beneficiaries living near the 369 monitors with valid 5-year measures. Further, the magnitude of the associations between NO 2 and cause-specific mortality varied by geographic region, with NO 2 -associated RRs generally highest in the Central U.S., as compared to the East and West. Moreover, NO 2 -associated RRs differed by the urbanicity of the beneficiaries' residences, with higher RRs for those living in urban (1.055, 95% CI: 1.053, 1.057) and micropolitan (1.097, 95% CI: 1.061, 1.135) as compared to rural neighborhoods (0.822, 95% CI: 0.626, 1.080) (Table S3 ).
Notably, in models controlling for 12-month moving average PM 2.5 , U.S.-wide associations with NO 2 remained positive and statistically significant for non-accidental, CVD, IHD, CBV, respiratory, pneumonia, and cancer mortality, with similar or somewhat attenuated RRs (Table 2) . However, the magnitude and robustness of the NO 2 -mortality associations to adjustment for PM 2.5 differed by geographic region. After adjustment for PM 2.5 , NO 2associated RRs were generally similar or substantially higher in the Central U.S. as compared to other regions for all causes of mortality. RRs in multivariate models that adjusted for both PM 2.5 and behavioral factors were similar to those from PM 2.5-adjusted models for most causes of death (Table S4) .
When we used "temporal" and "spatio-temporal" NO 2 as the exposure measures in base (Table S5) , PM 2.5 -adjusted (Table 3) , and PM 2.5 -and BFRSS-adjusted models (Table S6) , we found RRs associated with "spatio-temporal" NO 2 to be consistently lower than those for "temporal" NO 2 , suggesting that unmeasured confounding remained, even after adjustment for PM 2.5 and behavioral covariates. Despite this, both "spatio-temporal" and "temporal" RRs were generally statistically significant and positive. They, however, differed by geographical region, with RRs for temporal NO 2 and spatio-temporal NO 2 tending to be highest in the Central U.S. or in the Western U.S. In the East, "spatio-temporal" RRs were significantly negative for all causes of death except COPD and lung cancer.
Discussion
In a U.S. Medicare cohort of 14.1 million beneficiaries and 3.5 million deaths, we found a 10 ppb increase in 12-month NO 2 exposure to be associated with increased risks for mortality from cardiovascular disease (11%) and respiratory disease (3%), and to a lesser extent from cancer (2%), after controlling for PM 2.5 . We further observed that the impacts of NO 2 exposure on mortality are consistent across specific subcategories of these major diseases, including IHD, CBV disease, and for the first time, pneumonia. Our findings were generally consistent across geographic region and model specifications, although confounding by PM 2.5 and to a lesser extent behavioral factors was evident. Moreover, our results showing unequal RRs for "temporal" and "spatio-temporal" NO 2 even after adjustment for PM 2.5 and behavioral risk factors, suggesting that unmeasured confounding of our NO 2 -mortality association remain, consistent with our previously reported findings for the association between PM 2.5 and mortality (Pun et al., 2017) .
The findings of elevated NO 2 -associated risks for all-cause (RR: 1.052; 95% CI:1.051, 1.054) and non-accidental (RR: 1.055; 95% CI:1.053, 1.057) mortality are generally consistent with findings from earlier studies, including those from Turner et al. (2016) in the extended follow-up of the American Cancer Society (ACS) Cancer Prevention Study II (CPS-II), from Crouse et al. of a Canada-wide cohort (Crouse et al., 2015) , and from smaller-scale studies of occupational (Hart et al., 2011) and European cohorts (Cesaroni et al., 2013; Beelen et al., 2008; Filleul et al., 2005; Heinrich et al., 2013) . They, however, differ from those from three studies that reported null associations (Beelen et al., 2014a; Lipfert et al., 2006; Pope et al., 2002) , with these null findings attributed to several factors, including the relatively low person-time with underlying disease (hypertensive) in the study of US veterans (Lipfert et al., 2006) , potential confounding by PM 2.5 in the Pope et al. (2002) study, and geographical differences for the European cohort followed in Beelen et al. (2014a) .
Our findings showing consistent associations between increased long-term NO 2 exposures and CVD-related mortality are supported by results from Turner et al. (2016) and Krewski et al. (2009) , in their extended follow-up of the US-based American Cancer Society (ACS) Cancer Prevention Study II (CPS-II), which reported significant NO 2-associated, increased mortality risks for CVD (1.03/10 ppb; 95% CI, 1.01, 1.06) in models adjusting for PM 2.5 and numerous individual-specific socio-economic and behavioral factors. Similarly, our results are largely consistent with those from Crouse et al. (2015) , who found significant associations between NO 2 exposure and CVD and IHD mortality in single-and multipollutant models using data from the Canadian Census Health and Environment Cohort (CanCHEC) (Crouse et al., 2015) . The PM 2.5 -adjusted effect estimates for CVD (1.04, 95% CI 1.03, 1.06) and IHD (1.05, 95% CI 1.03, 1.07) mortality from the CanCHEC study were lower than those from our study. These lower effect estimates may be due to study-specific differences in the urbanicity of participant residences, as suggested by our findings of lower NO 2 -associated RRs in rural areas. Given the larger proportion of rural lands in Canada as compared to the U.S., it is possible that a larger fraction of CanCHEC participants lived in rural areas as compared to our study (Crouse et al., 2015) . Consistent with this theory, Hart et al. (Hart et al., 2011) found an increased risk of CVD mortality associated with NO 2 among a cohort of U.S. truckers (13.8%, 95% CI 3.3%, 253% after exclusion of long-haul drivers), with risk levels similar to our study but higher than that found in CanCHEC. These risks, however, were not robust to adjustment for PM 2.5 nor were they significant for IHD mortality. In studies conducted outside of North America, NO 2-associated CVD mortality risks also varied substantially. Null findings, for example, were reported in Dutch (Brunekreef et al., 2009 ) and panEuropean studies (Beelen et al., 2014b) , while small positive and significant RRs were found in a Rome (1.05; 95% CI, 1.04, 1.07) (Cesaroni et al., 2013) and second Dutch (1.04; 95% CI, 0.97, 1.13) (Beelen et al., 2008 ) study and larger estimates in German (1.89; 95% CI, 1.28, 2.78) (Schikowski et al., 2007) and Chinese (5.43; 95% CI, 4.79, 6.16) (Zhang et al., 2011) studies. Factors contributing to these observed differences may result from the relatively small numbers of death from CVD in these studies and from population and geographical differences.
For respiratory mortality, we found significant and positive associations with long-term NO 2 exposure, with associations attenuated but remaining statistically significant after adjustment for PM 2.5 , as was found in the CanCHEC, two European studies (Cesaroni et al., 2013; Beelen et al., 2008) , and a Japan study (Katanoda et al., 2011) . Notably, we showed NO 2associated respiratory mortality risks to vary by region, with associations in the Western US for all respiratory and COPD mortality significantly negative. These findings are consistent with those from a California teachers study by Lipsett (Lipsett et al., 2011) , which also did not find a significantly positive NO 2 -respiratory mortality association. Factors that contribute to this observed geographical heterogeneity are not known, but may reflect unmeasured confounding.
Nonetheless, we observed consistently strong, increased NO 2 -associated risks for pneumonia mortality (1.275; 95% CI, 1.263, 1.287), an important contributor to respiratory mortality among older adults, with stable RRs across geographic regions irrespective of model construct. While no other study has examined the impact of NO 2 on pneumonia mortality, our findings are supported by toxicological studies, which showed that NO 2 increases susceptibility to bacterial pathogens by damaging epithelial cells and reducing mucociliary clearance, thus reducing bronchial macrophages, natural killer cells, macrophages, and CD4 to CD8 ratios (Integrated Science Assessment for Oxides of Nitrogen-Health Criteria, 2016). Consistent with this increased susceptibility, Neupane et al. 
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Author Manuscript (Neupane et al., 2010) showed NO 2 exposures to be associated with more than a two-fold increased risk of hospitalization from community-acquired pneumonia (Neupane et al., 2010) .
Of note, we found long-term NO 2 exposure to be significantly associated with decreased risk of accidental mortality, which in this analysis, we treated as a negative control (Pun et al., 2017) to allow us to assess the potential bias and validity in RRs for mortality from other causes. We were able to treat it as such given our assumption that accidental death was independent of NO 2 exposure. Given this assumption, our observed inverse associations between NO 2 exposure and accidental mortality suggest that RRs for other causes of deaths were underestimated. Alternatively or in addition, it is possible that our observed inverse association between NO 2 exposure and accidental death reflects unmeasured confounding, for example by traffic density (van Beeck et al., 1991) , which has been associated with both increased NO 2 exposure (Rose et al., 2009; Lamsal et al., 2013) and decreased accidental death (van Beeck et al., 1991) . Since traffic density and other potential confounding factors are likely unique to NO 2 and accidental mortality, they may not be relevant to other causes of death.
Several limitations of our study warrant consideration. First, we used the ambient, nearest monitor NO 2 concentrations instead of personal measurement data, which may underestimate the chronic health risks (Yanosky et al., 2014) . Second, we did not have information on beneficiary-level socio-economic status, behaviors, and health history, which could contribute to exposure misclassification and unmeasured confounding as evidenced by our different "temporal" and "spatio-temporal" RRs. It is unlikely, however, that unmeasured confounding alone is responsible for our significant associations between NO 2 and increased mortality, given (1) results from earlier cohort studies which also showed significant, positive associations between NO 2 and mortality even after adjustment for numerous individual-specific covariates and (2) our finding of similar RRs from models with and without adjusting for behavioral covariates from BRFSS. Further, while differences in spatio-temporal and temporal RRs are consistent with unmeasured confounding, the magnitude of this difference may overestimate the extent of this unmeasured confounding, given disparate variability in temporal and spatio-temporal NO 2 . Lastly, our study cohort of elderly populations (age 65+ years old) living near NO 2 monitors may limit the generalizability of our findings to those living further away from monitors or to individuals from younger age groups.
There are substantial strengths of our study. With over 14 million Medicare beneficiaries with 3.5 million deaths, our study had sufficient power to detect associations between NO 2 exposures and cause-specific mortality. Several measures were taken to ensure the validity of our findings, including but not limited to 1) estimation of baseline hazards that vary with individual-level age, gender, race, and area of residence, 2) adjustment for state of residence, PM 2.5 , and behavioral risk factors, and 3) our generally consistent NO 2 -associated RRs by U.S. region (except for COPD, all cancer and lung cancer). Moreover, the assessment of unmeasured confounding lends support to the validity of adverse effects of NO 2 exposure, given that both "temporal" and "spatio-temporal" NO 2 were positively and significantly 
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Conclusion
In a large U.S. elderly cohort, we observed consistent associations of long-term NO 2 exposure with increased all-causes, CVD and cancer mortality. We also found first evidence of adverse and significant association of NO 2 with pneumonia morality, though findings for respiratory mortality were inconsistent. Associations were strongest for participants living in non-rural areas. Evidence of confounding by PM 2.5 , behavioral factors, and unmeasured covariates was noted.
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Author Manuscript Table 2 Mortality risk ratios (95% CI) associated with a 10 ppb increase in one-year moving average NO 2 exposure:
by region and cause of death and adjusted for PM 2.5 . Table 3 Mortality risk ratios (95% CI) associated with a 10 ppb increase in long-term spatio-temporal and temporal NO 2 in PM 2.5 -adjusted health models: by region and cause of death. a Age, gender, and race-stratified and state-adjusted Poisson regression models; additionally adjusted for PM 2.5 using two-stage models.
Cause of death and region

